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(54) Methods and systems for estimating engine faults 


(57) Systems and methods for estimating engine 
faults are described. In one embodiment,, the method 
includes the steps of obtaining (62) measured engine 
quantities at a first operating condition, obtaining (64) 
measured engine quantities at a second operating con- 


dition, and generating (66) an estimated fault vector y 
based on the measured engine quantities obtained, at. . 
the first and second operating conditions. Model (30)-. 
based values can also be obtained at the first and sec- ? 
ond operating conditions and used in connection with 
generating vector y. , 
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Description 

[0001 1 The present invention relates generally to gas 
turbine engines, and more specifically, to estimating 
faults in such engines. 

[0002] Gas turbine engines are used in aeronautical, 
marine, and industrial applications. Gradual wear result- 
ing from repetitive cycles over the life of an engine, as 
well as assembly errors and incidental damage to hard- 
ware components, can cause faults in such engines. 
Hardware component damage may occur, for example, 
due to foreign object damage and extreme operating 
conditions. Engine efficiency and life are improved by 
detecting faults as quickly as possible and then perform- 
ing needed repairs. Quickly detecting faults and per- 
forming needed repairs also facilitates avoiding cascad- 
ing damage. 

[0003] In aeronautical applications, gas path or per- 
formance related faults are typically detected using 
flight-to-flight trending of a few key parameters such as 
exhaust gas temperature. Changes in sensed parame- 
ters are identified between a current flight and a previ- 
ous flight. If multiple parameters are trended, then the 
pattern in the changes may be sufficiently distinct to al- 
low classification (i.e., diagnosis) as a specific fault. 
With flight-to-flight trending, data scatter may occur, and 
such data scatter may be of a same order of magnitude 
as the fault effects to be identified. Also, while sudden 
changes in a trended parameter indicate possible faults, 
■such trending does not necessarily assist in identifying, 
or isolating, the fault. .r . J - 

[0004] Methods and systems for estimating engine 
faults are described. In one embodiment, the method 
includes the steps of obtaining measured engine quan- 
tities at a first operating condition, obtaining measured 
engine quantities at a second operating condition, and 
generating an estimated fault vector y based on the 
measured engine quantities obtained at the first and 
second operating conditions. Model-based values can 
also be obtained at the first and second operating con- 
ditions and used in connection with generating vector y. 
[0005] The first and second operating conditions, in 
an exemplary embodiment, are similar. For example, 
and with a gas turbine engine used in an aeronautical 
application, the operating conditions are two cruise 
points in a single flight. Alternatively, the operating con- 
ditions are takeoff points in two separate flights. In an- 
other exemplary embodiment, the operating conditions 
are different. For example, the first operating condition 
is a takeoff point and the second operating condition is 
a cruise point. 

[0006] The estimated fault vector y is generated in ac- 
cordance with: 

y=xR 

where, x is a vector of size n where n is a number of 


sensors and model values, and R is a regressor matrix. 
The regressor matrix R is generated by simulating en- 
gines with no faults with random variations in engine 
quality, deterioration, sensor bias levels, and operating 

5 condition to obtain a first set of sensor readings, and 
simulating engines with several faults of random mag- 
nitude within pre-defined magnitude limits with random 
variations in engine quality, deterioration, sensor bias 
levels, and operating condition to obtain a second set of 

10 sensor readings. 

[0007] The fault estimation systems and methods pro- 
vide the advantage that by using inputs acquired during 
a single or two consecutive flights or cycles, a fault can 
be detected during the cycle in which it occurs, or a few 

15 cycles later. 

[0008] The invention will now be described in greater 
detail, by way of example, with reference to the accom- 
panying drawings, in which: 

20 Figure 1 is a block diagram illustrating a direct fault 
detection and estimation system; 

Figure 2 is a block diagram of an engine model; and 

25 Figure 3 is a flow chart of the detection and estima- 
tion algorithm represented in block diagram form in 
Figure 1. 

,• " v 

[0009] An exemplary embodiment of a system 10 for - 
30 performing direct fault detection and estimation is illus- -;r 
trated in Figure 1. In one embodiment, system 10 is. im- 
plemented in, and forms part of, anvon-board engfne & 
. control computer including a processor 1 2. The proces- 
sor is programmed to execute each step as described 
35 herein for fault detection and estimation. The engine 
control computer also includes a nonvolatile memory 
(NVM). Rather than being integrated into an on-board 
engine control computer, system 10 could be separate 
from the control computer yet still on-board an aircraft, 
40 or system 1 0 could be part of a ground-based diagnosis 
system. 

[001 0] Processor 1 2 is programmed to sample meas- 
ured engine quantities 14 such as rotor speeds, temper- 
atures, and pressures from a single operating condition. 

45 Optionally, model computed parameters 16 derived 
from calculations using the measured engine quantities 
also may be sampled by processor 12. An exemplary 
embodiment of a model for computing parameters 1 6 is 
described below in detail. Processor 12 also is pro- 

50 grammed to sample measured engine quantities 18 
and, optionally, model computed parameters 20, at a 
second operating condition. 

[0011] The first and second operating conditions, in 
an exemplary embodiment, are similar. For example, 
55 and with a gas turbine engine used in an aeronautical 
application, the operating conditions are two points in a 
single flight. Alternatively, the first operating condition is 
in a first flight and the second operating condition is in 
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a subsequent flight. In another exemplary embodiment, 
the operating conditions are different. For example, the 
first operating condition is a takeoff point and the second 
operating condition is a cruise point. Other examples of 
operating conditions are an idle point, a climb point, and s 
a descent point. 

[0012] It is assumed that the engine is not faulted at 
the first operating point, and that measured quantities 
14 and computed quantities 16 represent the engine pri- 
or to a fault. Measured quantities 18 and computed io 
quantities 20 are sampled later in time. A fault may, or 
may not, have occurred in the time period between the 
first operating condition and the second operating con- 
dition. 

[0013] As described below in detail, measured quan- is 
tities 14 and 18 (and, optionally, computed values 16 
and 20) are used to generate estimated fault magni- 
tudes 22. As explained below, the estimates indicate the 
type and severity of faults that may have occurred in the 
engine after the occurrence of the first operating condi- 20 
tion and before the occurrence of the second operating 
condition. Processor 12 outputs a separate value for 
each type of fault under consideration, and the magni- 
tude of a given value indicates the severity of the corre- 
sponding fault. 25 
[001 4] Figure 2 is a block diagram of an engine mode! 
30 for computing values 16 and 20. Model 30 of the: 
plant, or engine, is used to estimate sensed parameters- 
such as rotor speeds, temperatures, and pressures, and . 
additional parameters such as thrust and stall margins, ,30 
given environmental conditions, power setting parame- 
ters, and actuator positions as input. Model 30 is, for v 
example, : a physics-based model, a regression fit; or a . 
neural-net model of the engine, all of which are known . 
in the art. In an exemplary embodiment, model 30 is a 35 
physics-based aerothermodynamic model of the en- 
gine. This type model is referred to as a Component Lev- 
el Model (CLM) because each major component in the 
engine (e.g., fan, compressor, combustor, turbines, 
ducts, and nozzle) is individually modeled, and then the *o 
components are assembled into the CLM. 
[0015] As shown in Figure 2, an exemplary embodi- 
ment of model 30 includes an air inlet 32 and a fan 34 
downstream from inlet 32. Model 30 also includes, in 
series flow relationship, a booster 36, a compressor 38, 45 
a burner 40, a high pressure turbine 42, and a low pres- 
sure turbine 44. Exhaust flows from a core nozzle 46, 
which is downstream from low pressure turbine 44. Air 
also is supplied from fan 34 to a bypass duct 48 and to 
a bypass nozzle 50. Exhaust flows from bypass nozzle so 
50. Compressor 38, and high pressure turbine 42 are 
coupled via a first shaft 52. Fan 34, booster 36, and low 
pressure turbine 44 are coupled via a second shaft 54. 
Of course, different model components would be used 
to model engines having different configurations. 55 
[001 6] The CLM is a fast running transient engine cy- 
cle representation, with realistic sensitivities to flight 
conditions, control variable inputs and high-pressure 


compressor bleed. The CLM is tuned to match actual 
engine test data both for steady-state and transient op- 
eration. 

[0017] Figure 3 is a flow chart 60 illustrating process 
steps executed by processor 12 in generating estimated 
fault magnitudes. Prior to installation, a large number of 
engines with random variations in engine quality, dete- 
rioration, sensor bias levels, and operating conditions 
such as altitude, mach number, day temperature, and 
bleed level are simulated. For each simulated engine, a 
set of sensor readings and optional model values is ob- 
tained. Next, the simulation is repeated for several faults 
of random magnitude within pre-defined magnitude lim- 
its. For each fault simulated, the same set (of course, 
with different values) of sensor readings and model val- 
ues is again obtained. Data from faulted and unfaulted 
simulated engines are used to design processor 12, us- 
ing techniques such as neural networks or linear regres- 
sion. 

[0018] In one specific exemplary embodiment, proc- 
essor 12 is a linear regressor matrix. Denoting the 
number of sensors and model values as n, the number 
of faults by r, and the number of engines simulated for 
each specific type of fault as well as for the unfaulted 
case by m, then the regressor matrix R is: 

. R=X\Y 

where,- • > -V, 

X is an m by 2n matrix of outputs (sensor reading 
and model values), obtained by concatenating? each 
faulted engine outputs with the same engine unfaulted 
outputs, :■■ >.u V; 

Y is the m by r matrix of fault magnitudes, and 

backslash operator T represents a least-squares 
solution, with X\Y being mathematically equivalent to 
the psueso-inverse of X times Y. 
[0019] Alternatively, Y is an m by (r+1 ) matrix that in- 
cludes the r faults, with the unfaulted case being ap- 
pended as a special fault type with a constant magnitude 
level. 

[0020] Referring now specifically to Figure 3, and in 
operation, processor 12 samples 62 measured engine 
quantities 1 4 and model values 1 6 at a first pre-selected 
operating point. At a later point in time, processor 12 
samples 64 measured engine quantities 1 8 and model 
values 20, at a second pre-selected operating point. Us- 
ing the measured and computed values, processor 12 
then generates 66 an estimated fault vector y. 
[0021 ] More specifically, and to generate vector y, giv- 
en two (consecutive) sets of sensor readings and model 
values x, then: 

y=xR 

where, 
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x is a vector of size 2n, and 

y is a vector of size r or r + 1 . 
[0022] Processor 12 generates estimates, y of the 
type and severity of faults that may have occurred in the 
engine after inputs 14 and 16 are obtained and before 
inputs 18 and 20 are obtained. Processor 12 generates 
a separate value for each type of fault under consider- 
ation, and the magnitude of a given value indicates the 
severity of the corresponding fault. 
[0023] The above described fault estimation systems 
and methods provide the advantage that by using inputs 
acquired during a single flight or two separate flights or 
cycles, a fault can be detected during the cycle in which 
it occurs, or a few cycles later. In addition, while the 
above described fault estimation systems and methods 
have been described in terms of a single operating con- 
dition, such as a first or second operating condition, it is 
to be understood that an operating condition as de- 
scribed can include a set of operating conditions or op- 
erating points. For example, a first set of operating con- 
ditions may comprise a ground idle and a takeoff point, 
and a second set of operating conditions may comprise 
a cruise point and a descent point later in the same flight. 
[0024] For the sake of good order, various features of 
the invention are set out in the following clauses: 

1 . A method for estimating engine faults, said.meth- 
od comprising the steps of: 

obtaining measured engine quantities. (14) at a 30 

■ v first operating condition;- 

obtaining measured-engine quantities (1 8) at a 

-w-- second operating condition;. • 

generating (66) an estimated fault vector y 
based on the measured engine quantities ob- 35 
tained at the first and second operating condi- 
tions. 

2. A method in accordance with Clause 1 wherein 

the measured engine quantities (14, 18) comprise *o 
at least one of rotor speed, temperature, and pres- 
sure. 

3. A method in accordance with Clause 1 wherein 

the first operating condition and second operating 45 
condition each comprise at least one of an idle 
point, a takeoff point, a climb point, a cruise point, 
and a descent point. 

4. A method in accordance with Clause 1 wherein so 
the first operating condition occurs during a first 
flight and the second operating condition occurs 
during a subsequent flight. 

5. A method in accordance with Clause 1 wherein 55 
the first operating condition and second operating 
condition occur during the same flight. 


6. A method in accordance with Clause 1 further 
comprising the step of obtaining model (30)-com- 
puted parameters at one or both of the first operat- 
ing condition and the second operating condition. 


dom variations in engine quality, deterioration, sen- 
sor bias levels, and operating condition to obtain a 
second set of sensor readings. 

: 9. A method in accordance with Clause 1 wherein 
; estimated fauit vectory is an output of a neural net- 
work, and sensor and model (30) values are inputs 
to the neural network. •-■ 

10. A method in accordance with Clause 9 wherein 
the neural network is trained by simulating engines 
with no faults with random variations in engine qual- 
ity, deterioration, sensor bias levels, and operating, 
condition to obtain a first set of sensor readings, and 
simulating engines with several faults of random 
magnitude within pre-defined magnitude limits with 
random variations in engine quality, deterioration, 
sensorbias levels, and operating condition to obtain 
a second set of sensor readings. 

11. A processor (12) programmed for estimating en- 
gine faults, said processor programmed to: 

sample (62) measured engine quantities (14) 
at a first operating condition; 
sample (64) measured engine quantities (18) 
at a second operating condition; and 
generate (66) an estimated fault vectory based 
on the measured engine quantities obtained at 
the first and second operating conditions. 

12. A processor in accordance with Clause 11 
wherein the sampled engine quantities (14, 18) 


10 


7. A method in accordance with Clause 1 wherein 
estimated fault vectory is generated (66) in accord- 
ance with: 

y=xR 


where, 

x is a vector of sensor and model (30) values, 

15 and 

R is a regressor matrix. 

8. A method in accordance with Clause 7 wherein 
regressor matrix 
20 R is generated by simulating engines with no 

faults with random variations in engine quality, de- 
terioration, sensor bias levels, and operating condi- 
tion to obtain a first set of sensor readings, and sim- 
ulating engines with several faults of random mag- 
25 nitude within pre-defined magnitude limits with ran- 
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comprise at least one of rotor speed, temperature, 
and pressure. 

13. A processor (12) in accordance with Clause 1 1 
wherein the first operating condition and second op- 5 
erating condition each comprise at least one of an 
idle point, a takeoff point, a climb point, a cruise 
point, and a descent point. 

14. A processor (1 2) in accordance with Clause 1 1 m> 
wherein the first operating condition occurs during 

a first flight and the second operating condition oc- 
curs during a subsequent flight. 

15. A processor (12) In accordance with Clause 1 1 *5 
wherein both the first operating condition and the 
second operating condition occurs during a same 
flight. 

1 6. A processor (1 2) in accordance with Clause 1 1 20 
wherein said processor is further programmed to 
sample model (30)-computed parameters at the 
first operating condition. 

1 7. A processor (1 2) in accordance with Clause 1 1 25 
wherein said processor is further programmed to 
obtain model (30)-computed parameters at the sec- 
ond operating condition, -v - 

1 8. A processor. (1 2) i n accordance with Clause 1 1 30 
wherein to: estimate fault vector y, said processor is 
programmed to determine: 

y=*R 35 

where, 

x is a vector of sensor and model (30) values, 

and 

R is a regressor matrix. *o 

19. A processor (12) in accordance with Clause 18 
wherein regressor matrix R is generated by simu- 
lating engines with no faults with random variations 

in engine quality, deterioration, sensor bias levels, 45 
and operating condition to obtain a first set of sensor 
readings, and simulating engines with several faults 
. of random magnitude within pre-defined magnitude 
limits with random variations in engine quality, de- 
terioration, sensor bias levels, and operating condi- so 
tions to obtain a second set of sensor readings. 


at a second operating condition; and 
generate (66) an estimated fault vector y by im- 
plementing a neural network comprising inputs 
of sensor and model (30) values and outputs of 
fault magnitudes. 


Claims 

1 . A method for estimating engine faults, said method 
comprising the steps of: 

obtaining measured engine quantities (14) at a 
first operating condition; 
obtaining measured engine quantities (1 8) at a 
second operating condition; 
generating (66) an estimated fault vector y 
based on the measured engine quantities ob- 
tained at the first and second operating condi- 
tions. 

2. A method in accordance with Claim 1 wherein the 
measured engine quantities (14, 18) comprise at 
least one of rotor speed, temperature, and pres- 
sure. 

3. A method in accordance with Claim 1 or 2 wherein , 

< the first operating condition and second operating *w 
condition each comprise at least one of an idle v 
point, a takeoff: point, a climb pointy a cruise point, 

( and a descent point: 
-■\- •-. '!•: •-. K ~- - »wn 

4. A method in accordance with Claim 1 or 2 wherein 
the first operating condition occurs during a first 
flight and the second operating condition occurs 
during a subsequent flight. 

5. A method in accordance with Claim 1 or 2 wherein 
the first operating condition and second operating 
condition occur during the same flight. 

6. A processor (12) programmed for estimating engine 
faults, said processor programmed to: 

sample (62) measured engine quantities (14) 
at a first operating condition; 
sample (64) measured engine quantities (1 8) 
at a second operating condition; and 
generate (66) an estimated fault vector y based 
on the measured engine quantities obtained at 
the first and second operating conditions. 


20. A processor (12) programmed for estimating en- 
gine faults, said processor programmed to: 

sample (62) measured engine quantities (14) 

at a first operating condition; 

sample (64) measured engine quantities (18) 


7. A processor in accordance with Claim 6 wherein the 
sampled engine quantities (14, 18) comprise at 
least one of rotor speed, temperature, and pres- 
sure. 

8. A processor (12) in accordance with Claim 6 or 7 
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wherein the first operating condition and second op- 
erating condition each comprise at least one of an 
idle point, a takeoff point, a climb point, a cruise 
point, and a descent point. 

9. A processor (12) in accordance with Claim 6 or 7 
wherein the first operating condition occurs during 
a first flight and the second operating condition oc- 
curs during a subsequent flight 

1 0. A processor ( 1 2) programmed for estimating engine 
faults, said processor programmed to: 

sample (62) measured engine quantities (14) 
at a first operating condition; 
sample (64) measured engine quantities (18) 
at a second operating condition; and 
generate (66) an estimated fault vector y by im- 
plementing a neural network comprising inputs 
of sensor and model (30) values and outputs of 20 
fault magnitudes. 
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